Introduction
Improvement has been observed in the growth rate, feed conversion ratio (FCR), and dressing percentage, but deterioration has been noted in meat quality (1, 2) . Contemporarily, the welfare of birds is a significant factor that determines the choice of a food product by consumers (3) . Following the growing demand of consumers who are more sensitive to the ethical and cultural aspects of foods from animal origin, there is an increasing interest in animal-friendly farming systems, which can improve animal welfare as well as guarantee high qualitative standards concerning food safety and nutritional and sensory properties (4). Castellini et al. (5) emphasized that, owing to a higher content of polyunsaturated fatty acids (PUFAs), the meat of birds from alternative production systems is more exposed to unfavorable changes during storage, mainly including enhanced lipid oxidation. For this reason, such products have a shorter shelf life than the meat of commercial broilers. Hence, apart from applying a diet rich in antioxidants (6) (7) (8) , the selection of genetic material adjusted to longer rearing periods is especially important (9, 10) . Broiler diets are often supplemented with oils to meet the high energy requirements of modern genotypes. Oils are rich in PUFAs. For this reason, PUFAs are also prevalent in the lipid fraction of poultry-derived foods. Their double bonds are highly prone to lipid oxidation; hence, special attention needs to be paid to avoid their deterioration in broiler meat (9) .
The aim of this study was to determine growth performance, meat quality, and oxidative changes in breast muscle depending on the genotype and age of broiler chickens kept indoors on litter.
Materials and methods
All procedures were performed according to the guiding principles for the care and use of research animals and were approved by the local ethics commission.
Birds and experimental design
The experiment was conducted with fast-growing Cobb 500 chickens (group C), medium-growing Hubbard JA957 chickens (group H), and a slow-growing experimental line (group E). The experimental line was the second generation of crossing Polish native Greenleg Partridge and fast-growing commercial chickens (10) . In the experiment, 1080 chickens were reared (only males), divided into 3 experimental groups (360 chickens each), each in 10 replications (36 chickens each), with an initial stock density of 12 chickens/m 2 . From the 5th to the 8th week of the birds' lives, every week successive birds were taken for slaughter. As a result, the final stock density was 10 chickens/m 2 . The birds had ad libitum access to feed and water. The composition of diets was determined by the standard AOAC method (11) ( Table 1) . Body weight (BW), feed intake, and mortality were checked at weekly intervals. Results collected each week allowed the computation of daily weight gain (DWG) and FCR.
On weeks 5, 6, 7, and 8 of birds' lives, 15 chickens from each group (15 chickens × 3 groups per week) were randomly selected by average body weight and fasted for 8 h. The chickens were electrically stunned in a water bath (120 mA, 50Hz) for 2 s. Next, they were slaughtered by the method of cutting the cervical blood vessels and bled out for about 7-10 min. After scalding in water with a temperature of 56-58 °C for about 60 s, the birds were manually plucked and eviscerated, and their carcasses were placed in cold storage at a temperature of 4 °C for 12 h (12). Breast muscle samples were collected for further analyses.
Meat quality 2.2.1. Chemical composition
The chemical composition of muscle samples was determined using a near-infrared spectrometer (NIRFlex N-500, Büchi, Switzerland). Measurements were conducted using an NIRFlex Solids module of spectral range at 12,500-400 cm -1 in reflectance mode. Measurements were made in reflectance mode between 1100 and 2498 nm every 2 nm. All samples were scanned in duplicate. The 2 subsamples were compared by root mean square and if the root mean square corrected for bias was too large, two new subsamples were scanned. The average spectrum was used for near-infrared analysis (13 (14) . Total lipids were extracted according to Folch et al. (15) . Fatty acids were separated using a gas chromatograph (Hewlett Packard 6890 Series GC System) with a flame-ionization detector and a BPX 70 capillary column (50 m × 0.25 mm × 0.25 µm film) by SGE Inc. (USA). Injection temperature was 220 °C; column temperature was programmed to 1 min at 140 °C, 1.5 min at 140/210 °C, and 8 min at 210 °C; and the samples were injected using a split ratio of 30:1. Helium was used as a carrier gas. Chromatograms were compared with Sigma standards, and fatty acid content was expressed as percentage in relation to the total amount of fatty acids determined. 
Determination of muscle cholesterol content

Reduced glutathione
Reduced glutathione (GSH) was determined using the Oxis Research TM kit (OXIS Health Products, Inc., USA). Immediately after collection, the muscle samples were deproteinized with a TCA and EDTA mixture (1:1:1). After mixing, the resultant mixture was centrifuged for 10 min at 3000 rpm and 4 °C. To 200 µL of prepared supernatant, 200-µL portions of the following reagents were added under continuous stirring in the respective order: potassium phosphate buffer, Tris, and 1-methyl-4-chloro-7 trifluoromethylquinolinium methylsulfate NaOH. After a 30-min incubation, absorbance was detected at a wavelength of 420 nm. The content of glutathione was expressed in micromoles using a calibration curve for GSH.
Ascorbic acid
Ascorbic acid (ASC) concentration was determined spectrophotometrically (LambdaBio-20 spectrophotometer, PE, USA) using the phosphotungstic acid method described by Omaye et al. (17) The concentration of vitamin C was expressed in mg/100 g of meat.
Statistical analysis
The statistical analysis included the characteristics of the analyzed traits: mean values and standard error of the mean (SEM), and the determination of the significance of differences in mean values between genetic groups, between ages, and their interaction (genotype × age). Data were subjected to ANOVA using the GLM procedure (18) . The significance of differences between genetic groups of chickens regarding BW (P ≤ 0.05), breast muscle weight (BMW; g/1000 g BW), DWG (daily BW gain), feed intake (kg), FCR (feed conversion ratio), and mortality (P ≤ 0.01) was determined based on ANOVA and multiple comparisons with Tukey's procedure.
In the case of muscle parameters not showing normal distribution, the effect of genotype and age was determined with the Kruskal-Wallis test. In turn, to estimate the effect of genotype and age on variables showing normal distribution, the GLM procedure was used according to the following formula:
where Y ijk is a variable; µ is the general mean; G i is the effect of the ith genetic group, i = 1, 2, 3; T j is the effect of the jth week, j = 5, 6, 7, 8; GT ij is the effect of genetic group × week interaction; and e ijk is random error.
In addition, results were subjected to principal component analysis (PCA). The PCA method allows transforming the initial parameters into a set of new, mutually independent parameters (principal components, PCs). PCA analysis was used to explain the structure of the relationship between the observable parameters and to reduce their number, in this case from 13 to 3, and to find a set of common factors (PCs) and to define their relationship with observable parameters (19) .
PCA analysis was conducted for parameters describing the quality of breast muscles: fatty acids (saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), PUFAs, and unsaturated fatty acids (UFAs)); n-6/n-3; contents of total cholesterol, moisture, fat, protein, and ASC; and BMW. The analysis of parameters was aimed at determining variable factorial coordinates interpreted as correlations of appropriate variables with each factor (PC). Projection of points representing particular breast muscles originating from chickens of the 3 genetic groups was performed in order to ascertain the similarities and differences between breast muscles of groups C, H, and E.
Results
The greatest (P ≤ 0.01) daily BW gain and daily meat weight gain were determined in the group of fast-growing chickens (group C) compared to the medium-growing (group H) and slow-growing (group E) birds ( Table 2 ).
The chickens from group C were characterized by the best FCR value (P ≤ 0.01) compared to the birds from groups H and E. However, the group of fast-growing birds was characterized by the poorest results of mortality compared to the remaining birds.
Significant differences were demonstrated in chemical composition and fatty acid profile depending on the age and genotype of birds (Tables 3 and 4 ). The results showed higher (P ≤ 0.01) content of PUFAs and lower (P ≤ 0.01) contents of SFAs and MUFAs in breast muscles of slowgrowing birds of group E ( Table 5 ). The main PUFA was C18:2 (n-6) , i.e. its content was lower in chickens from groups C and H than in chickens from group E ( Table 4) . In turn, the main acid of neutral fat is C18:1 c9, the content of which may increase along with an increase of body weight and adiposity, which may be observed in the group of fast-growing chickens (Tables 2 and 4 ). In the 6th and 8th weeks of life of the slow-growing birds, an increase (P ≤ 0.01) was noted in the content of α-linolenic acid in their breast muscles (Table 4) . It did not improve the n-6/n-3 ratio in the intramuscular fat of breast muscles of birds from this group ( Table 5) .
The lowest content of cholesterol (Table 5 ) was shown in all genetic groups at the 8th week of birds' lives. Meat of fast-growing and medium-growing chickens is characterized by antioxidative potential reducing with age, which is manifested in a decreasing content of GSH (Table 6 ). In contrast, the experimental line showed the lowest GSH level (85.2 U/mL) in the 6th week of life and it systematically increased with age. The highest GSH content noted in the 5th week of life of birds from all genetic lines points to the greatest potential of antioxidative protection of cells.
The highest concentration of ASC (Table 6 ) was reported for fast-growing chickens of all ages. The total results of the PCA for groups C, H, and E after 5, 6, 7, and 8 weeks of growth are presented in Table 7 . Three components were applied to depict correlations between the analyzed parameters of breast muscle quality. The selected PC1, PC2, and PC3 components explained in total 70.7% of changes in the parameters of breast muscle quality (Figure; Table 7 ). The parameters of total protein, BW, breast weight, and PUFAs constituted the first component (PC1); whereas the second component (PC2) was formed by values of parameters of moisture, cholesterol, fat, and n-6/n-3 and the third component (PC3) was created by parameters of SFAs, MUFAs, ASC, GSH, and UFAs of the breast muscle quality (Figure; Table  7 ). PC1 was strongly positively correlated with protein content (r = 0.86), PUFAs (r = 0.75), and UFAs (r = 0.58) and negatively correlated with BW (r = -0.67) and BMW (r = -0.64). PC2 was negatively correlated with the n-3/n-6 ratio (r = -0.81) and fat content (-0.62) and positively correlated with cholesterol content (r = 0.73) and water content (r = 0.67). PC3 was negatively correlated with SFAs (r = -0.63) and positively correlated with MUFAs (r = 0.62), ASC (r = 0.60), and GSH (r = 0.59) ( Table 7) . The extent to which each of the variables was represented by PC1, PC2, and PC3 is depicted in the Figure. The further a variable is located from the center of the circle, the better it was represented by components PC1, PC2, and PC3. Considering the above correlations, the three groups of factors were characterized as PC1: growth, PC2: lipids, and PC3: oxidation.
Differences and similarities in the quality of breast muscle originating from chickens of three genotypes are also depicted in the Figure. The points of meat samples distributed across the figure form a group (E5, E7, E8, H8) with the highest weight and protein content.
Chickens with the medium growth rate were characterized by a lower fat content compared to the other genotypes. However, the lowest susceptibility to oxidative processes was demonstrated for meat of experimental chickens (group E), which was confirmed by a higher content of GSH noted in this group.
Meat of the slow-growing birds (group E), and likewise that of fast-growing birds (group C), exhibited high stability of redox processes. However, an additional factor, i.e. growth, points to better genetic adjustment of the slow-growing chickens (group E). Interestingly, meat of the medium-growing birds (group H) was characterized by the least stable redox environment. The growth rate of birds from particular genetic groups was found to depend on the factors of lipid fraction and antioxidative potential, with the poorest material from group C, which showed the best antioxidative defense until the 5th week of life.
Discussion
The ultimate antioxidant protection in Cobb 500 chickens is to the age of 5 weeks of life, probably because of long-term breeding works undertaken to achieve fast growth rate and breast muscle development. Therefore, the preferred term for slaughter for this group coincided with 5 week of rearing. In this period, statistically significant differences were also shown in the content of SFAs and UFAs between genetic groups. It was found that the experimental chicken line (group E) showed the lowest level of SFAs in comparison with the other two genetic lines. Oleic acid (18:1 cis 9), formed from stearic acid (18:0) by the enzyme stearoyl Co-A desaturase, is a major component of neutral lipid and in some animals the same enzyme forms conjugated linoleic acid, an important nutrient in human nutrition (20) .
The increased concentration of n-3 fatty acids is desirable in food products of animal origin. The n-3 PUFAs have a beneficial effect on reducing the risk of development of 'civilization diseases' (21, 22) , but they are more susceptible to oxidative processes (23) . Investigations conducted with lambs demonstrated, however, that the increased concentration of n-3 PUFAs in muscle tissue had no effect on acceleration of oxidative processes in meat (24, 25) .
The increasing concentration of cholesterol in the analyzed muscles may result from intensive growth of the birds until the 7th week of age. It is likely that the 6th and 7th weeks may be the weeks of peak development of muscle tissue in the analyzed heavy and medium-heavy genetic lines. In turn, the line with a low growth rate demonstrated the lowest cholesterol content and therefore should be reared for a longer period of time.
The free radical theory of aging suggests that antioxidants may be administered to diminish ageassociated impairments in physiological performance (26) . Cell compartmentation of antioxidants, and especially glutathione, is important because many of the free radical species generated in the cell are highly reactive and will attack preferentially those cell components that are close to the organelle in which the radicals are generated. Glutathione is the most abundant nonprotein thiol in the cell. Its roles in cell metabolism and physiological functions have been emphasized (27) . Results achieved by Enkvetchakul and Bottje (28) provide an initial characterization of GSH metabolism in commercial male broilers and indicate that diethyl maleate produced doseand time-dependent changes in GSH, similar to changes reported in mammals. Results of this study also indicate that increased tissue GSH may be beneficial for the growth of chickens. The highest concentration of ASC was reported for the Cobb 500 chickens. The enhanced ASC synthesis in this group may indicate intensified oxidative processes. It is known that poultry does not require any dietary source of ASC as it is able to synthesize it. However, it was reported that the negative effects of environmental stress could be prevented by the use of some mineral and vitamin supplements such as ASC (29, 30 ). An even more Principal component analysis projection of the parameters (SFA, MUFA, PUFA, UFA, n-6/n-3, cholesterol, fat, moisture, protein, ASC, GSH, BW, BMW) as well as structure differences and similarities of breast muscle quality. Cobb 500 (C), Hubbard JA 957 (H), experimental line (E) depending on birds age; PC1, PC2, PC3 -principal components. Table 7 . Contribution of parameters of breast muscle quality in the process of creation of three main components (PC1, PC2, and PC3). SFA, MUFA, PUFA, UFA -fatty acids profile; n-6/n-3 ratio; ASC -ascorbic acid content; GSH -reduced glutathione content; BW -body weight; BMW -breast muscle weight.
interesting effect in this case seems to be the correlation between contents of GSH and ASC in particular age groups and genetic lines of birds, which may point to the synergistic effect of these antioxidants.
In conclusion, higher oxidative stability of meat from slow-growing birds, including the lowest level of SFAs and increased concentrations of C 18:2 and C 20:4 acids and GSH, may characterize the birds with a slow growth rate intended for alternative production. Hence, poorer performance results achieved by the chickens with a low growth rate may be compensated by better antioxidative parameters, a more beneficial fatty acid profile, and a lower cholesterol level. Results obtained in this study indicate the healthpromoting character of meat from slow-growing chickens.
